Terao J, Nikawa T. Unloading stress disturbs muscle regeneration through perturbed recruitment and function of macrophages. J Appl Physiol 112: 1773-1782, 2012. First published March 1, 2012 doi:10.1152/japplphysiol.00103.2012.-Skeletal muscle is one of the most sensitive tissues to mechanical loading, and unloading inhibits the regeneration potential of skeletal muscle after injury. This study was designed to elucidate the specific effects of unloading stress on the function of immunocytes during muscle regeneration after injury. We examined immunocyte infiltration and muscle regeneration in cardiotoxin (CTX)-injected soleus muscles of tail-suspended (TS) mice. In CTX-injected TS mice, the cross-sectional area of regenerating myofibers was smaller than that of weight-bearing (WB) mice, indicating that unloading delays muscle regeneration following CTXinduced skeletal muscle damage. Delayed infiltration of macrophages into the injured skeletal muscle was observed in CTX-injected TS mice. Neutrophils and macrophages in CTX-injected TS muscle were presented over a longer period at the injury sites compared with those in CTX-injected WB muscle. Disturbance of activation and differentiation of satellite cells was also observed in CTX-injected TS mice. Further analysis showed that the macrophages in soleus muscles were mainly Ly-6C-positive proinflammatory macrophages, with high expression of tumor necrosis factor-␣ and interleukin-1␤, indicating that unloading causes preferential accumulation and persistence of proinflammatory macrophages in the injured muscle. The phagocytic and myotube formation properties of macrophages from CTX-injected TS skeletal muscle were suppressed compared with those from CTXinjected WB skeletal muscle. We concluded that the disturbed muscle regeneration under unloading is due to impaired macrophage function, inhibition of satellite cell activation, and their cooperation.
SKELETAL MUSCLE has powerful regenerative ability. Several studies have indicated that unloading stress under certain conditions, such as spaceflight and bed rest, inhibits the regenerative potential of skeletal muscles in mice (16, 18, 35) . Some of these studies suggested that the decreased number and disturbed fusion ability of satellite cells during unloading contributes to such delayed muscle regeneration, implicating the role of satellite cell activation in muscle regeneration during unloading stress.
Infiltrating immune cells are also important in the regulation of muscle regeneration after injury. Massive numbers of immunocytes, such as neutrophils and macrophages, accumulate at the site of skeletal muscle injury prior to satellite cell activation (14, 24, 26) . Neutrophils are the first to infiltrate the injured muscle, followed by macrophages, which in turn induce phagocytosis of necrotic myofibers. Macrophages also activate satellite cells, which fuse with one another or with preexisting muscle fibers to form regenerating myofibers (10, 12, 32) . In particular, the switch from proinflammatory to anti-inflammatory macrophages is important for support and regulation of muscle regeneration (1, 6) .
The purpose of this study was to determine the effect of muscle unloading stress on the recruitment and function of immune cells before the activation of satellite cells. For this purpose, we examined neutrophils and macrophages that infiltrate into skeletal muscle after cardiotoxin (CTX) injection. Under unloading conditions, infiltrating neutrophils remained at the site of injury for 1 wk. Furthermore, macrophage infiltration into the site was delayed. Surprisingly, almost all the delayed macrophages during unloading were of the proinflammatory type, indicating prolonged inflammation after the injection. To our knowledge, this is the first evidence to suggest that unloading prolongs the inflammatory process in skeletal muscle after injury. Such findings implicate the regulation of proinflammatory macrophages as a therapeutic target in stimulating the regeneration of injured skeletal muscle.
MATERIALS AND METHODS
Tail suspension and CTX injection. C57BL/6 mice (Japan SLC, Shizuoka, Japan) were housed at 23 Ϯ 2°C on a 12:12-h light/dark cycle with free access to the MF laboratory animal diet (Oriental Yeast, Tokyo, Japan) and water under specific pathogen-free conditions. The mice were divided into four groups (n ϭ 45 per each following groups): CTX-injected tail suspension (TS) group, vehicleinjected TS group, CTX-injected weight bearing (WB) group, and vehicle-injected WB group. TS was performed using the method described previously (13) . Briefly, a piece of tape was attached to both the tail and a swivel tied to a horizontal bar at the top of cage. On day 0, CTX at 10 M in 10 l of saline (Latoxan, Rosans, France) or vehicle was injected into the soleus muscles. Each five mice in four groups were euthanized on the indicated days, day 0, 0.25, 0.5, 1, 2, 3, 5, 7, and 14, after CTX or vehicle injection.
The Committee for the Care and Use of Laboratory Animals at The University of Tokushima School of Medicine approved all study protocols, which were conducted according to the Guide for the Care and Use of Laboratory Animals at The University of Tokushima.
Histological analysis. The isolated soleus muscles were immediately frozen in chilled isopentane and liquid nitrogen and stored at Ϫ80°C until analysis. Immunohistochemistry was performed as described previously (22) , using the following primary antibodies: anti-Gr-1 (a marker of neutrophils) antibody (Serotec, Oxford, UK), anti-F4/80 (a marker of macrophages) antibody (Serotec), anti-Ly-6C antibody (BMA Biomedicals, Augst, Switzerland), anti-CD31 antibody (BMA Biomedicals), anti-MyoD antibody (BD Biosciences, San Jose, CA), and anti-embryonic myosin heavy chain (MyHC) antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Sections were also viewed after hematoxylin and eosin (H and E) staining. For quantitative analysis, we counted the number of cells or necrotic fibers in 45 high-power fields per 15 sections in five mice/group. We used the BIOREVO BZ-9000 (Keyence, Osaka, Japan) to calculate the crosssectional area (CSA) of each myofiber. The distribution of fiber sizes was reported as a percentage of myofibers per visual field.
Preparation of primary macrophages and myoblasts. Primary macrophages and myoblasts were prepared from skeletal muscles, according to the method of Ojima et al. (23) . For preparation of primary macrophages, soleus muscles of CTX-injected TS or WB mice (C57BL/6 mice, 10 wk old) were removed on day 3 and day 2, respectively, after CTX injection. We also isolated whole hindlimb skeletal muscles of C57BL/6 mice (6 -8 wk old) for preparation of primary myoblasts. Briefly, skeletal muscles were harvested immediately following euthanasia and minced in sterile, ice-cold phosphate buffered saline (PBS). Tissue was digested in PBS containing 10% fetal bovine serum (FBS) and 0.2% type II collagenase (Worthington Biochemical, Lakewood, NJ). Following digestion, tissues were filtered through 100-m nitrex mesh and subsequently through 40-m nitrex mesh. Filtrates were spun at 800 g for 5 min, and then the pellets were resuspended in 0.17 M Tris-buffer solution, pH 7.65, containing 0.8% NH 4Cl for 30 s. After washing with PBS, these cells were seeded on dishes and cultured with RPMI 1640 medium containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C under 5% CO 2-95% air for 2 h. Adherent and nonadherent cells were used as primary macrophages and myoblasts, respectively.
Coculture of primary macrophages and primary myoblasts. Nonadherent cells (myoblasts) at 3 ϫ 10 4 cells/well were seeded on collagen (type I)-coated plate (IWAKI Scitech Div., Tokyo, Japan) and further cultured for 2 days with growth medium, consisting of nutriment mixture F-10 ham containing 20% FBS, 2.5 ng/ml basic fibroblast growth factor (Kaken Pharmaceutical, Tokyo, Japan), 100 U/ml penicillin, and 100 g/ml streptomycin, at 37°C under 5% CO 2-95% air. Previously isolated macrophages were seeded on these cultured myoblasts at the following ratio: macrophages:primary myoblasts ϭ 3:1. Then these cells were cocultured with differentiation medium for myoblasts (DMEM containing 2% horse serum) for 3 days. Myotube formation was estimated by counting the embryonic MyHC-positive multinuclear myotube. Myotubes are defined to be developing muscle cells or fibers forming a spindlelike shape with more than two centrally located nuclei, indicating that cells were 
AS, antisense primer; S, sense primer; TNF-␣, tumor necrosis factor-alpha; IL-1␤, interleukin-1␤; TGF-␤, transforming growth factor-␤; IL-10, interleukin-10; 18 s rRNA, 18 s ribosomal RNA; MAFbx/Atrogin-1, muscle atrophy F-box/atrogin-1; MuRF-1, muscle specific ring finger protein-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. fused. Therefore, we defined skeletal muscle cells with more than two centrally located nuclei as myotubes. We counted such myotubes in 12 high-power fields in four individual dishes, according to the previous report (2) , with a slight modification.
Phagocytosis. Phagocytosis of primary macrophages was quantified at 1 h after incubation with 2 m fluoresbrite yellow green microspheres (Polyscience, Warrington, PA) as described previously (3) . The number of microspheres in F4/80-positive cells was quantified with the BIOREVO BZ-9000 (Keyence). Phagocytic properties of macrophage-like RAW264.7 cells subjected to 3-dimensional (3D) clinorotation for 24 h were also measured in the similar way. RAW264.7 cells were subjected to 3D clinorotation in an apparatus, portable microgravity simulator-VI (Advanced Engineering Service, Tsukuba, Japan), as described previously (11) . Briefly, plates containing RAW264.7 cells were filled with DMEM in the presence of 10% FBS. They were rotated with two axes on the microgravity simulator at 37°C in a 5% CO 2 chamber. The rate and cycle of rotation were controlled by the computer to randomize the gravity vector both in magnitude and in direction, and then the dynamic stimulation of gravity to cell was canceled in any direction (11) .
Real-time reverse-transcription polymerase chain reaction (RT-PCR).
Total RNA was subjected to real-time RT-PCR with SYBR Green dye using an ABI7300 real-time PCR system (Applied Biosystems, Foster City, CA), as described previously (31) . Table 1 lists the oligonucleotide primers used for real-time RT-PCR.
Statistical analysis. All data were statistically evaluated by ANOVA using the Statistical Package for Social Sciences software (release 6.1; SPSS Japan) and expressed as means Ϯ SD. Differences between groups were analyzed with Duncan's multiple range test. Differences were considered significant at P Ͻ 0.05.
RESULTS

Disturbance of muscle regeneration in tail-suspended mice.
We performed histochemical analysis of soleus muscles of TS and WB mice. On day 14 after CTX injection into the soleus muscle, the myofibers contained central nuclei in both groups, indicating they were regenerated myofibers (Fig. 1A) . No myofibers with central nuclei were observed in the vehicleinjected soleus. The CSA of the regenerating myofibers in CTX-injected TS mice was smaller than that of the CTXinjected WB mice (Fig. 1A) . The size distribution of myofibers in soleus muscle also indicated that TS decreased myofibers with CSA Ͼ 900 m 2 and increased those with CSA of 100 -500 m 2 compared with CSA of the myofibers of CTX and WB mice (Fig. 1B) . These findings indicate that TS results in disturbance of muscle regeneration.
We next examined the time-dependent histological changes in soleus muscles of TS and WB mice after vehicle or CTX injection. By day 1, CTX-injected WB mice showed necrotic myofibers with accumulation of mononuclear cells in the injured muscles ( Fig. 2A) . The accumulation of mononuclear cells reached a peak level on day 3, before gradually diminishing in their number. The infiltration of mononuclear cells was followed by the appearance of regenerating myofibers with central nuclei on day 7. Regeneration in CTX-injected WB mice was completed on day 14. In contrast, CTX-injected TS mice showed delay of infiltration of mononuclear cells into soleus muscles (Fig. 2A) . Surprisingly, necrotic fibers remained in soleus muscles of CTX-injected TS mice from days 3 to 7 after the injection, while necrotic fibers were scarce even by day 3 in CTX-injected WB mice (Fig. 2B ). Regenerating myofibers with central nuclei appeared around day 14 in CTX-injected TS mice, and the myofiber CSA was smaller than that of CTX-injected WB mice ( Fig. 2A) .
Effect of unloading on recruitment of neutrophils and macrophages into damaged muscle. To identify the infiltrated mononuclear cells, we performed immunohistochemistry using an antibody against neutrophils (Gr-1) and macrophage (F4/80) marker proteins. In CTX-injected WB mice, Gr-1-positive neutrophils first appeared in the injured muscle by 6 h after CTX injection and were still noted on day 2 (Fig. 3, A and B) . CTX-injected TS mice showed a similar time course of initial neutrophil infiltration, but these neutrophils were still noted in soleus muscles at 1 wk (Fig. 3, A and B) . F4/80-positive macrophages infiltrated into soleus muscles on day 2 after the injection and reached a peak on day 3 in CTX-injected WB mice (Fig. 3, C and D) , before gradually decreasing in number to zero on day 7. The soleus muscles of CTX-injected TS mice first showed F4/80-positive macrophages on day 3, and these cells were still present in large numbers even on day 7 (Fig. 3,  C and D) .
Effect of unloading on phenotype of infiltrating macrophages during muscle regeneration. The switch from proinflammatory macrophages (Ly-6C-F4/80 double-positive cells) to anti-inflammatory macrophages (Ly-6C-negative, F4/80-positive cells) is important for support and regulation of muscle regeneration (1, 6) . We examined the effect of unloading stress on this switching of infiltrated macrophages. Immunohistochemical analysis using antibodies against F4/80 or Ly-6C revealed that the soleus muscles of CTX-injected WB mice contained proinflammatory (Ly-6C-positive) macrophages on day 3, which disappeared by day 5 (Fig. 4, A and B) . In contrast, Ly-6C-negative macrophages (F4/80-positive) were observed from days 3 to 7. Ly-6C-positive and F4/80-negative cells observed on days 5 and 7 were endothelial cells, since they also stained for CD31 (Fig. 4A and data not shown) . Interestingly, CTX-injected TS mice showed sustained numbers of Ly-6C-and F4/80-positive macrophages in soleus muscle compared with CTX-injected WB mice (Fig. 4, A and  B) , indicating that TS results in preferential accumulation and persistence of proinflammatory macrophages in the injured muscle. No macrophages were noted in the soleus muscle of the vehicle-injected WB and TS mice. Therefore, we did not detect Ly-6C/F4/80 double-positive cells in the soleus muscle (Fig. 4, A and B) .
To examine the macrophage profile in CTX-injected WB and CTX-injected TS mice, we analyzed the gene expressions of cytokines of isolated from CTX-injected soleus muscle on day 5 after injury by real-time RT-PCR. Macrophages from CTX-injected WB mice expressed transforming growth factor (TGF)-␤ and interleukin (IL)-10 transcripts more strongly than those from CTX-injected TS mice (Fig. 4C) . Conversely, macrophages from CTX-injected TS mice expressed tumor necrosis factor (TNF)-␣ and IL-1␤ transcripts more strongly than those from CTX-injected WB mice (Fig. 4C) . These results indicate a proinflammatory profile for macrophages from CTX-injected TS mice and anti-inflammatory profile for macrophages from CTX-injected WB mice.
Effect of unloading on phagocytosis. Phagocytosis of necrotic myofibers is a key factor for the switch from proinflammatory profile to anti-inflammatory profile of macrophages (1) . In this study, necrotic fibers were persistently seen in the soleus muscle of CTX-injected TS mice (Fig. 2, A and  B) . Therefore, we examined the effect of unloading stress on phagocytotic ability of macrophages using in vitro phagocytosis assay. The phagocytotic ability of macrophages isolated from CTX-injected TS mice was significantly lower than that of macrophages from CTX-injected WB mice (Fig. 4D) . RAW264.7 cells were also cultured with or without 3D-clinorotation and their phagocytosis properties was analyzed. The phagocytotic properties of 3D-clinorotated cells was lower than that of nonrotated cells (Fig. 4D) , suggesting that unloading stress suppresses the phagocytotic properties of macrophages.
Stimulatory effects of macrophages on myotube formation. Anti-inflammatory macrophages are important for effective differentiation and fusion of myoblasts (1) . Next, we examined the effect of unloading stress on myofiber formation in the presence of macrophages with impaired phagocytic function. For this purpose, we analyzed the myotube formation using a coculture system of primary myoblasts and macrophages. Coculture with macrophages from CTX-injected WB mice, but not from CTX-injected TS mice, significantly increased myotube formation (Fig. 5, A and B) .
Delay of satellite cell activation in tail-suspended mice. We examined the effect of unloading stress on the activation of satellite cells by immunohistochemical analysis with an antibody against MyoD, because the expression of MyoD represents activated satellite cells (7) . Large numbers of MyoDpositive mononuclear cells, i.e., activated satellite cells, were identified in soleus muscles of CTX-injected WB mice, compared with CTX-injected TS mice (Fig. 6, A and B) . To evaluate the effect of unloading stress on the formation of regenerating myofibers, we also performed immunohistochemical analysis using an antibody against embryonic MyHC, which is expressed in regenerated myofibers (37) . In CTX-injected WB mice, myofibers expressing embryonic MyHC were observed from day 3 and reached a peak on day 7 (Fig. 6, C and D) . In contrast, in CTX-injected TS soleus muscle, the appearance of embryonic MyHC-positive fibers was delayed: only a few and small-size embryonic MyHC-positive fibers were noted up to days 5 and 7. On day 14, their number became similar to that observed in CTX-injected WB soleus muscle on day 7.
Expression of MAFbx/atrogin-1 and MuRF-1 mRNA was not associated with muscle regeneration. Muscle atrophy-associated ubiquitin ligases (so-called atrogenes), such as MAFbx/ Atrogin-1 and MuRF-1, contribute to skeletal muscle atrophy (27) . To investigate whether unloading stress suppresses muscle regeneration through atrogene activation, we examined the timedependent changes in the expressions of MAFbx/Atrogin-1 and MuRF-1 in vehicle-or CTX-injected soleus muscles. The mRNA expression of both atrogenes was upregulated in the soleus muscle of only vehicle-injected TS mice. In other groups, the mRNA levels did not change throughout the experiment (days 1-14) (Fig. 7, A and B) . These results suggest that the disturbed muscle regeneration in CTX-injected TS mice is not associated with unloading-mediated muscle atrophy.
DISCUSSION
In the present study, unloading stress resulted in persistent accumulation of proinflammatory macrophages at the site of injury, resulting in incomplete muscle regeneration. To our knowledge, this is the first evidence that unloading stress suppresses muscle regeneration after injury by impairing the infiltration of immune cells and phagocytosis of necrotic myofibers.
Substantial evidence indicates that macrophages and satellite cells are essential for muscle regeneration after injury (5, 30, 33) . For instance, CC chemokine receptor 2 (CCR2) is a receptor for monocyte chemoattractant protein-1 (MCP-1) to recruit macrophages (4). The CCR2-deficient mouse shows lack of infiltration of macrophages in the injured muscle after CTX injection, and significant delay in muscle regeneration (15, 21) . In addition, Segawa et al. (28) depleted macrophages using an anti-macrophage colony stimulating factor antibody after CTX injection and noted suppression of mitogen responses and myotube formation of satellite cells. In the present study, unloading induced by tail suspension delayed macrophage infiltration into injured muscle. Tail suspension also delayed the activation of satellite cells and appearance of regenerated myofibers, consistent with the delayed infiltration of macrophages. Thus we suggest that delayed infiltration of macrophages into the injured skeletal muscle contributes, at least in part, to the disturbed muscle regeneration under unloading.
Although unloading delayed the infiltration of macrophages only for several days, the appearance of regenerated myofibers was inhibited by TS for at least 1 wk compared with WB skeletal muscle. Macrophage functions, such as phagocytosis, are also critical for muscle regeneration. Phagocytosis of necrotic muscle debris induces a switch in macrophages from a proinflammatory profile to an anti-inflammatory profile, and inhibition of phagocytosis prevents muscle regeneration as well as the phenotype switch of macrophages (1). To elucidate other factors, we examined in this study the interaction between macrophage functions and myogenesis. First, we noted an increased number of Ly-6C-and F4/80-positive macrophages and necrotic myofibers in the soleus muscles of CTXinjected TS mice after injury compared with CTX-injected WB mice. We also demonstrated that TS and 3D-clinorotation suppressed the phagocytotic ability of macrophages and RAW264.7 cells, respectively. Our coculture system of primary macrophages and myoblasts revealed that macrophages isolated from TS skeletal muscles showed disturbed myotube formation compared with those from WB muscles. Based on these findings, we conclude that the disturbance of muscle regeneration under unloading is due to impairment of macrophage function, inhibition of satellite cell activation, and their cooperation.
Riley et al. (25) demonstrated that tail suspension reduced soleus electromyogram activity. In addition, Woodman et al. (36) indicated that tail suspension disturbed vascular function in soleus (slow-twitch muscle) but not in gastrocnemius (fasttwitch muscle). Based on these findings, they suggest that the blood flow to slow-twitch muscles of the hindlimb may be reduced by tail suspension. However, we observed that tail suspension similarly disturbed muscle regeneration of tibialis anterior muscle as well as soleus muscle (data not shown), although the flow to the fast-twitch muscle, such as tibialis anterior muscle, was hardly affected by tail suspension (36) . Therefore, we suggest that there is a negligible effect of reduced blood flow on the disturbed muscle regeneration in soleus muscle shown in the present study.
Skeletal muscles are sensitive to mechanical stress such as gravity and stretch (9) . Under loading conditions, insulin-like growth factor-1 (IGF-1) signaling promotes protein synthesis and suppresses protein degradation through Akt-dependent phosphorylation and sequestration of forkhead transcription factors, which leads to the inhibition of atrogenes in skeletal muscle (27, 29) . Unloading impairs IGF-1-dependent pathways and increases the expression of atrogenes (19, 20, 31) . In this study, the expression of atrogenes did not change during muscle regeneration in tail-suspended mice. Our (immuno)histochemical observations revealed that there was no intact myofiber in soleus muscle of CTX-injected TS mice until day 7 after the injection (Fig. 2A) . Although on day 14 myofibers were regenerated even in CTX-injected TS soleus muscle, only immature embryonic MyHC-positive-fibers existed (Fig. 6C) . In general, MAFbx/Atrogin-1 and MuRF-1 are upregulated in intact (mature) skeletal muscle in response to unloading conditions, such as tail suspension (8. 34) . Since skeletal muscle fibers were destroyed or immature during regeneration, they possibly failed to stimulate atrogene expression in response to unloading conditions. We suggest that the mechanism of unloading-induced disturbance of muscle regeneration is distinct from that of unloading-related muscle atrophy.
In the present study, we demonstrated that unloading stress alters muscle regeneration, in association with delayed infiltration of macrophages into the site of muscle injury, together with failed changes in macrophages from proinflammatory to anti-inflammatory phenotypes. Furthermore, disturbance of activation and differentiation of satellite cells was observed in muscle regeneration during unloading. In conclusion, the disturbed muscle regeneration under unloading is due to impaired macrophage function, inhibition of satellite cell activation, and their cooperation. 
